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Edited by Ulf-Ingo Flu¨ggeAbstract In Daucus carota, the model system for embryogene-
sis, it has been demonstrated that potassium and K+ selective
channels are involved in embryo development. Here, we report
the isolation and cloning of a new carrot Shaker-like potassium
channel, potassium D. carota channel 2 (KDC2), whose expres-
sion pattern during somatic embryogenesis proceeds along with
the establishment of the polar axes and the settlement of the
hypocotyl region. In plants, KDC2 transcript is localized at
the shoot level, in the epidermis and guard cells, similarly to
its Arabidopsis homolog KAT1. Electrophysiological assays
indicated KDC2 as the ﬁrst carrot subunit able to form homo-
meric functional channels in Xenopus oocytes, with properties
similar to those of Arabidopsis KAT1.
 2006 Federation of European Biochemical Societies. Pub-
lished by Elsevier B.V. All rights reserved.
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Daucus carota1. Introduction
Channels related to the Shaker superfamily are involved in
K+ homeostasis and are the most extensively studied potas-
sium transport proteins in plants. Members of the Shaker-type
channels have been identiﬁed in 16 diﬀerent plant species in the
past decade, and most of them were characterized by mole-
cular and electrophysiological approaches [1,2].
Several studies have elucidated the role of most of the plant
Shaker family members in potassium absorption and transport
during seed germination [3], plant growth [4] and stress
response [5]. However, little information was obtained on the
role of potassium and its transport mechanisms during embryo
development.
We reported, for the ﬁrst time, the expression of a Daucus
carota inward rectifying K+ channel, KDC1 (K+ D. carota 1)Abbreviations: KDC2, K+ Daucus carota channel 2; RACE, rapid
ampliﬁcation of cDNA ends; RT-PCR, reverse transcriptase-polymer-
ase chain reaction; SAM, shoot apical meristem; S.D., standard devi-
ation; S.E.M., standard error of the mean
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doi:10.1016/j.febslet.2006.08.017[6–8], during all embryo stages and demonstrated the presence
of K+ currents in embryo derived protoplasts [9]. In addition,
experiments performed on puriﬁed embryo stages allowed us
to demonstrate the requirements of millimolar K+ concentra-
tions for acquiring embryo polarity and completing the
embryogenic process [9]. More recently, a second carrot potas-
sium channel, DKT1 (D. carota AKT1-like) [10], has been
demonstrated to be expressed during late phases of embryo-
genesis and we hypothesized its role in cotyledon elongation
during seed development. These results were obtained using
D. carota as a model system for somatic embryogenesis. Under
particular hormonal conditions, cultured carrot cells can pro-
ceed without interruption through all embryonic stages [11],
allowing the harvesting of large quantities of embryos at any
stage of development.
Unfortunately, both KDC1 and DKT1 are unable to form
homomeric channels in Xenopus oocytes and require other
K+ channel subunits to be functional [7,8,10]. Since no embryo
subunits have been isolated from plants other than carrots, we
decided to use carrot embryos in a search for K+ channels able
to functionally express in heterologous cells, as they could be
useful in elucidating the mechanism of potassium absorption
during embryogenesis.
What we report here is the cloning and functional character-
ization of the ﬁrst functional homomeric potassium channel
expressed in embryos and in plant tissues of D. carota.2. Materials and methods
2.1. Plant material
Seeds of D. carota (L.), cv. S. Valery (Mr. Fothergill’s Seed Ltd.,
UK), were sterilized and allowed to germinate 4 days in the dark
at 24 C. Seedlings were picked 5 days after germination. Plants were
also grown in hydroponic solution (1.25 mM KNO3; 1.50 mM
CaNO3 Æ 4 H2O; 0.75 mM MgSO4 Æ 7H2O; 0.50 mM KH2PO4;
0.1 mM NaSiO3 Æ 5H2O; 0.7 lM CuSO4; 1 lM ZnSO4; 0.24 lM
MoO4Na Æ 2 H2O; 50 lM Fe EDTA; 50 lM H3BO3; 12 lM MnSO4)
in a growth chamber (22 C, 8/16 h light/dark photoperiod, 70% RH)
for 4 weeks. Then leaves, stems and roots were harvested. Culture con-
ditions and embryogenesis protocols were as described previously [11].
2.2. RT-PCR and cloning
Total RNA extraction and cDNA ﬁrst strand synthesis were per-
formed as explained elsewhere [10].
The full-length cDNA was obtained by degenerate RT-PCR fol-
lowed by 5 0 and 3 0 RACE performed following the manufacturer’sblished by Elsevier B.V. All rights reserved.
5010 E. Formentin et al. / FEBS Letters 580 (2006) 5009–5015instructions (SMART RACE cDNA Ampliﬁcation Kit, Clontech,
USA). This cDNA was cloned into vectors suitable for sequencing
and electrophysiological assays.
2.3. Semiquantitative RT-PCR
Relative-quantitative RT-PCR and agarose gel analysis were carried
out as detailed previously [10]. The KDC2 amplicon (185 bp) was
obtained using the following primers: 5 0-TGACTTGAGTGTAAT-
CAGGGATGGTGA-30 and 5 0-GATCCCTCCAAAGGAGAGTAT-
GATTTG-3 0. The number of cycles was established as 30.
2.4. Sequence analysis
The putative ORF in the KDC2 cDNA sequence was determined
using the Translate tool of Swiss Institute of Bioinformatics (SIB)
(www.expasy.ch). Phylogenetic and molecular evolutionary analyses
were conducted using PHYML2.4 [12] on the basis of the alignment
obtained using the ClustalW tool at EBI (www.ebi.ac.uk) [13,14].
The sequences were from GenBank (www.ncbi.nlm.nih.gov) and
TIGR (www.tigr.org/tdb/e2k1/osa1/LocusNameSearch.shtml) dat-
abases and the accession numbers are listed as follows: AKT1 (Gen-
Bank Accession number Q38998); AtKC1 (GenBank Accession
number P92960); KAT2 (GenBank Accession number Q38849);
KAT1 (GenBank Accession number NP_199436); SKOR (GenBank
Accession number CAA11280); AKT5 (GenBank Accession number
Q9SCX5); AKT6 (GenBank Accession number Q8GXE6); AKT2/3
(GenBank Accession number Q38898); GORK (GenBank Accession
number Q94A76); KDC1 (GenBank Accession number CAB62555);
DKT1 (GenBank Accession number CAG27094); KDC2 (GenBank
Accession number AM279659); EKT1 (GenBank Accession number
CAA12645); EcKT1-2 (GenBank Accession number AAL25649);
EcKT1-1 (GenBank Accession number AAL25648); LKT1 (GenBank
Accession number CAA65254); MKT1P (GenBank Accession number
AAF81249); NpKT1 (GenBank Accession number BAA84085);
NtKC1 (GenBank Accession number BAD81035); NKT2 (GenBank
Accession number BAD81033); NKT1 (GenBank Accession number
BAD81034); TORK1 (GenBank Accession number BAD81036);
Os02g14840 (TIGR Accession number LOC_Os02g14840);
Os06g14030 (TIGR Accession number LOC_Os06g14030); Os01g-
45990 (TIGR Accession number LOC_Os01g45990); Os01g11250
(TIGR Accession number LOC_Os01g11250); Os01g55200 (TIGR
Accession number LOC_Os01g55200); Os01g52070 (TIGR Accession
number LOC_Os01g52070); Os04g36740 (TIGR Accession number
LOC_Os04g36740); Os05g35410 (TIGR Accession number LOC_Os05-
g35410); Os06g14310 (TIGR Accession number LOC_Os06g14310);
Os07g07910 (TIGR Accession number LOC_Os07g07910); KPT1
(GenBank Accession number CAC87141); PTORK (GenBank Acces-
sion number CAC05488); PTK2 (GenBank Accession number
CAC05489); SPICK1 (GenBank Accession number AAD16278);
SPICK2 (GenBank Accession number AAD39492); SPORK1 (Gen-
Bank Accession number CAC10514); SKT2 (GenBank Accession
number CAA70870); SKT1 (GenBank Accession number
CAA60016); KST1 (GenBank Accession number CAA56175);
TaAKT1 (GenBank Accession number AAF36832); VKC1 (GenBank
Accession number CAA71598); VvSOR (GenBank Accession number
CAD35400); SIRK (GenBank Accession number AAL09479); KZM2
(GenBank Accession number AAX15943); KZM1 (GenBank Acces-
sion number CAD18901); ZMK1 (GenBank Accession number
CAA68912); ZMK2 (GenBank Accession number CAB54856);
ZMK2.1 (GenBank Accession number AAR21353); ZORK (GenBank
Accession number AAW82753).
Multiple sequence analysis was carried out by using the ClustalW
tool. Sequence similarity searches were performed using the Blast algo-
rithm [15] at NCBI (www.ncbi.nlm.nih.gov). Pattern and proﬁle
searches were conducted by means of the Simple Modular Architecture
Research Tool at EMBL (http://smart.embl-heidelberg.de) and Inter-
Pro at EBI.
2.5. In situ hybridization
Slides were prepared as previously described [10]. Slides were depa-
raﬃnized, treated with 5 lg/ml proteinase K and hybridized with sense
and antisense riboprobes in 50% formamide at 45 C overnight. A
322 bp 3 0 speciﬁc cDNA fragment of KDC2 was ampliﬁed by PCR
using the following forward primer 5 0-TGAACAATGCATCACA-
GAAGC-30 and reverse primer 5 0-TCCCTCCAAAGGAGAGTAT-GA-3 0. The PCR product was cloned into the pGEM-Teasy vector
(Promega, France) and transcribed in vitro to obtain DIG-UTP
(Roche, Germany) labelled RNA sense and antisense probes using
T7 and Sp6 polymerases. After hybridization, the slides were washed
in 2· SSC at 45 C and treated with 20 lg/ml RNaseA (Roche, Ger-
many). DIG detection and signal visualization were carried out using
NBT and BCIP (Roche) following the manufacturer’s instructions.
Images were acquired using a Leica DC 300F camera.
2.6. Injection of RNA in oocytes and voltage-clamp recordings
Xenopus laevis oocytes were isolated and injected with KDC2 cRNA
(0.24–5 lg/ll) using a Drumond ‘‘Nanoject’’ microinjector (50 nl/
oocyte). Experiments presented hereafter were performed using a sin-
gle RNA preparation, although similar results were obtained using
other batches. Current recordings were made 2–5 days after injection.
Holding potential was 0 mV and currents were typically ﬁltered with a
cut-oﬀ frequency of 1 kHz.
Currents mediated by K+ channels in oocytes were measured with a
two microelectrode home-made voltage-clamp ampliﬁer using 0.2–
0.4 MX electrodes ﬁlled with 3 M KCl. Unless otherwise indicated,
the bath standard solution was (in mM): 100 KCl, 2 MgCl2, 1 CaCl2,
10 MES/Tris, pH 5.6.
The open probability was obtained averaging the last 50 data points
at the steady state of each current record; the averaged values were di-
vided by (V–Vrev) and then normalized to the saturation level of the
calculated Boltzmann distribution. Experimental points were ﬁtted
with a single Boltzmann distribution (see Section 3).3. Results
3.1. Cloning of KDC2 full-length cDNA and protein analysis
A KDC2 cDNA fragment was isolated by RT-PCR using
degenerated primers designed on a Shaker-like potassium
channel conserved pore region. This step, performed on total
RNA from diﬀerent carrot tissues and embryo stages, allowed
us to identify an amplicon of about 500 bp only in embryos
and in leaves. Since the PCR product was more concentrated
in leaves, we used this tissue to obtain the full-length transcript
by 5 0 and 3 0 RACE. Preliminary sequence analyses conﬁrmed
that this cDNA corresponded to a novel potassium channel
gene that we have named KDC2. The mRNA of KDC2 (Acces-
sion number AM279659) is 2520 bp long and contains a
2301 bp ORF coding for a 766 a.a. protein (MW = 87 kDa;
pI 6.16).
Sequence similarity searches and phylogenetic analyses
deﬁned KDC2 as a member of class II plant Shaker-like
potassium channels [16] (Fig. 1) sharing a high homology
level with Vitis vinifera SIRK [17] (76%), poplar KPT1 (74%)
[18], Arabidopsis thaliana KAT1 (72%) and KAT2 (70%)
[19,20].
The secondary structure, inferred by homology analysis,
shows the presence of six transmembrane elements (Fig. 2), a
typical membrane topology for potassium channels belonging
to the Shaker-like family. Fig. 2 shows the multiple sequence
alignment output of the ClustalW method for the aminoacidic
sequences of KDC2, Arabidopsis KAT1 and KAT2, grapevine
SIRK and poplar KPT1. Six transmembrane segments (S1–
S6), a cyclic nucleotide binding domain (cNBD) between a.a.
377 and 496, and the C-terminal hydrophilic tetramerization
domain (KHA) [21] are shown. Moreover, the pore forming
loop H5 contains the TxxTxGYGD consensus sequence for
K+ selectivity [22]. In the C-terminus region, there is an anky-
rin domain (ANK) between a.a. 566 and 598. This feature is
also present in SIRK and KPT1 but not in other members
of the same group.
Fig. 1. Phylogenetic tree constructed by using the maximum parsi-
mony method (bootstrap = 1000). Fifty-one Shaker-like channels from
16 plant species are displayed grouped as previously described [16].
KDC2 is included in group II.
Fig. 2. Multiple sequence alignment of KDC2, SIRK, KPT1, KAT1
and KAT2 where the six transmembrane spanning domains (S1–S6),
the cyclic nucleotide binding domain (cNBD) and the KHA C-terminal
domain are boxed. KDC2, KPT1 and SIRK display an ankyrin-like
repeat (ANK) whereas KAT1 and KAT2 lack this domain.
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KDC2 is a single copy gene, as revealed by Southern blot
analysis (not shown), and its expression pattern is similar to
that of channels belonging to the group II of the plant Shaker
family as shown by relative-quantitative RT-PCR and in situ
hybridization approaches.
Analysis during embryogenesis. Relative-quantitative RT-
PCR experiments performed on total RNA extracted from
somatic embryos at diﬀerent stages demonstrated that KDC2is expressed from the very beginning (globular stage) through-
out the embryogenic process. The transcription level remains
almost unaltered during the entire process (Fig. 3F).
In situ hybridization experiments were carried out to
determine the cellular localization of the transcript on isolated
Fig. 3. Expression pattern analysis of KDC2 in embryos. (A–E) Localization of KDC2 mRNA during somatic embryogenesis. Longitudinal sections
through somatic embryos. Blue staining represents the hybridization signal. Somatic embryos at globular (A), heart (B) and torpedo (C) stage
hybridized with the antisense probe. (D) Longitudinal sections through late torpedo stages hybridized with the antisense probe. (E) Somatic embryos
at torpedo stage hybridized with the sense probe. (F) Densitometric analysis of relative-quantitative RT-PCR performed on diﬀerent embryo stages
(values are means ± S.D., n = 3). A typical agarose gel is showed.
Fig. 4. Expression pattern analysis of KDC2 in seedlings. (A–C) Localization of KDC2 mRNA on shoots of seedlings. Blue staining represents the
hybridization signal. (A) Longitudinal section through the shoot part of a seedling hybridized with the sense probe. (B) Longitudinal section through
the same part as in (A) hybridized with the antisense probe. (C) Cross section of a leaf hybridized with the antisense probe. Co: cotyledon; Ep:
epidermis; Lp: leaf primordium; SAM: Shoot Apical Meristem; St: stomata; GC: guard cells. (D) Densitometric analysis of relative-quantitative RT-
PCR performed on diﬀerent plant tissues (values are means ± S.D., n = 3). A typical agarose gel is showed.
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Fig. 5. Functional expression of KDC2 in Xenopus oocytes. (A)
Currents elicited by voltage steps ranging from 0 to 220 mV in
10 mV decrements. Measurable KDC2 inward currents can be
observed at voltages more negative than 120 mV. Holding potential
0 mV; standard bath solution. (B) Current–voltage relationship of the
steady-state currents sampled at the end of each voltage pulse for the
family of currents shown in A. (C) Open probability plotted as a
function of the applied voltage were best ﬁtted by the Boltzmann
equation (see text). Mean values (±S.E.M.) obtained from at least eight
diﬀerent experiments.
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sections of the embryos at the globular and heart stage, the
hybridization signal was spread showing numerous stained
spots, corresponding to one or few cells (Fig. 3A and B). At
the early torpedo stage (Fig. 3C), when the vasculature begins
to diﬀerentiate, the signal moved to the external cell layers of
the embryo. At the late torpedo stage (Fig. 3D), the expression
was restricted to the root meristem and cotyledonary tissue,
whereas at the hypocotyl level, it was limited to a few cells
of the external cellular layers (arrow in Fig. 3D).
Analysis in seedlings and in mature plants. Relative-quanti-
tative RT-PCR performed on total RNA extracted from sev-
eral plant tissues and 3-day-old cultured cells detected the
presence of KDC2 transcript at highest levels in leaves and in
stems and less abundantly in the shoot apical meristem
(SAM), hypocotyls, cotyledons and cells (Fig. 4D). No signif-
icant signal was visible in roots.
In situ hybridization experiments showed that KDC2 is
expressed in leaf epidermis, and the signal appeared stronger
in stomata guard cells (Fig. 4C). In longitudinal sections of
the seedlings, the transcript is localized at the epidermis of leaf
primordia and cotyledons (Fig. 4B).
3.3. Functional characterization
KDC2 cRNA was injected in Xenopus laevis oocytes, and the
transport properties of exogenous currents, generated by the
expressed protein, were investigated by the voltage-clamp tech-
nique.
At voltages more negative than 120 mV, oocytes injected
with KDC2 cRNA displayed robust, stable and highly repro-
ducible time-dependent inward rectifying currents (Fig. 5A
and B), which were absent in oocytes injected with distilled
water. The state of activation, expressed as channel open prob-
ability, was calculated from normalized conductance and mean
values were plotted as a function of the applied membrane po-
tential (Fig. 5C). The data were well ﬁtted by the Boltzmann
distribution:
P ¼ 1=ð1þ expðzF ðV  V 1=2Þ=RT Þ
where z is the apparent gating charge and V1/2 is the half-acti-
vation potential. The best ﬁt of the data illustrated in Fig. 5
gave the following values: z = 1.5 ± 0.2 and V1/2 = 161.0 ±
1.6 mV.
Indeed, KDC2 currents are mediated by potassium selective
channels. Fig. 6A shows the (normalized) current–voltage rela-
tionship at 30 and 100 mM external KCl obtained from stea-
dy-state currents in response to hyperpolarizing voltage steps
ranging from 40 to 200 mV in 20 mV decrements (see also
panel B). The reversal potential of KDC2 currents was evalu-
ated at diﬀerent K+ concentrations from tail current protocols
(Fig. 6C) and plotted versus potassium activity (Fig. 6D). In
accordance with the Nernst potential for potassium, the rever-
sal potential shifts by 59.8 ± 1.3 mV for a 10-fold change in K+
gradient. Moreover, similarly to other potassium channels,
KDC2 was reversibly blocked by caesium (Fig. 6E) added to
the external bath.
A characteristic feature of inward rectifying potassium chan-
nels belonging to plant subgroup II is their sensitivity to acid-
iﬁcation. Therefore, we investigated KDC2 properties by
changing the external pH. Similarly to other channels belong-
ing to this group of the plant Shaker family [1,2], KDC2 cur-rents signiﬁcantly increased on acidiﬁcation of the external
solution (Fig. 6F) from pH 6.1 to pH 4.4. Discussion
Our recent ﬁndings that K+ is essential for carrot embryo
development [9] prompted us to analyse potassium transport
proteins located on embryo cell membranes. As millimolar
K+ concentrations are required for the completion of the
embryogenic process [9], a key role may be played by chan-
nels (low aﬃnity transport systems) rather than carriers (high
Fig. 6. Potassium selectivity and modulation of KDC2 currents. (A) Voltage–current characteristics at two diﬀerent concentrations of external K+
(30 mM and 100 mM). Mean values ± S.E.M. from at least eight diﬀerent experiments. The currents were normalized to the value recorded at
200 mV in 100 mM KCl. (B) Normalized currents at 200 mV plotted as a function of variable potassium activities (from 2.3 mM to 77 mM). (C)
Representative tail currents elicited by tail pulses from 0 to 50 mV following a prepulse potential to 160 mV in KClext = 30 mM. Tail current
inverts at a membrane potential slightly negative than 30 mV (ENerst (K+) = 31 mV). (D) Dependence of KDC2 reversal potential on the
logarithm of the external K+ activity. The continuous line represents the best ﬁt of the mean values (±S.E.M.; n = 8) revealing a shift in Vrev of
59.8 ± 1.3 mV per 10-fold change in K+ gradient. (E) Potassium current was reversibly blocked by 5 mM Cs. Voltage steps to 160 mV. Holding
potential 0 mV. (F) Acidiﬁcation increases potassium current. Eﬀect of diﬀerent pH (4, 5.6, 6.1) on inward K+ currents. Voltage steps and holding
potential as in panel (E). Standard bath solutions.
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[6] and DKT1 [10], we focused on the identiﬁcation and cloning
of other Shaker-like channels expressed during embryogenesis.
We report here the isolation of KDC2, a new carrot a-sub-
unit belonging to the KAT1-like group of the potassium chan-
nel gene family, which contains an ankyrin domain and shows
highest homology levels with SIRK and KPT1 of the KAT1
subfamily (Figs. 1 and 2). The analysis of the expression pat-
tern of the gene revealed a conserved proﬁle among members
of the KAT1 group as KDC2 is expressed in leaves and in
guard cells (Fig. 4A and E). Furthermore, KDC2 biophysical
properties are typical of plant inward-rectifying channels and
are very similar to those of KAT1, namely: (i) robust and reli-
able inward currents; (ii) selectivity for K+; (iii) half activation
times in the order of 100 ms (e.g. at V = 160 mV); (iv) thresh-old of activation at about 120 mV and half-activation at
about 160 mV; (v) current increase with acidiﬁcation of bath
solution (from pH 6 to pH 4); and (vi) reversible inhibition by
millimolar caesium concentrations (Figs. 5 and 6). These re-
sults allowed us to hypothesize a role for KDC2 in stomatal
movements as demonstrated for other channels belonging to
the same group [1].
During carrot somatic embryogenesis, KDC2 (like KDC1) is
expressed from the beginning of the process (Fig. 3) conﬁrming
a putative role of Shaker channels in controlling K+ homeo-
stasis in embryo cells during development. Unlike KDC1,
whose expression is restricted to the protodermal level of all
embryo stages [9], KDC2 expression pattern varies during
embryogenesis. At early phases of development, the gene is
expressed in a widespread manner (Fig. 3A and B); at later
E. Formentin et al. / FEBS Letters 580 (2006) 5009–5015 5015stages, the gene expression is restricted to the root meristem
and the cotyledonary tissue (Fig. 3D) while, at the hypocotyl
level, it is limited to a few cells of the external cell layers (arrow
in Fig. 3D).
In agreement with the distribution of KDC2 transcripts dur-
ing embryogenesis and with our previous ﬁndings that potas-
sium is necessary for determining embryo polar axes [9], we
can assume that KDC2 plays a role in this process. We also
suggest that KDC2 may be involved in the hypocotyl develop-
ment as it appears to be a ‘‘marker’’ of the region between
shoot and root organs (arrow in Fig. 3D) that represents the
origin of the hypocotyl region.
These hypotheses are supported by our previous data [9]
suggesting the presence of functional K+ channels in embryos.
We reported that two diﬀerent types of K+ currents were pres-
ent in embryo torpedo protoplasts: one displayed large current
densities at hyperpolarizing potentials of @100 mV; the
second was characterized by much smaller currents which acti-
vated at more negative membrane potentials. KDC1 may ac-
count for the smaller currents in embryo protoplasts [9]. The
component showing larger currents in torpedo embryos dis-
play comparable features (such as kinetics and threshold of
activation) with those of KDC2 expressed in Xenopus oocytes.
Although we cannot exclude the presence of other channels in
carrot embryos [23], we hypothesize that KDC2 is functionally
expressed during embryo development.
The isolation of KDC2, homologous to KAT1, provides the
ﬁrst functional homomeric carrot channel expressed in Xenopus
oocytes and opens new perspectives to the understanding of K+
absorption mechanisms in embryos by heterologous expression
in oocytes [10,24,25]. In fact, already cloned and forthcoming
carrot Shaker subunits may constitute a new pool of voltage-
dependent channels which may provide a useful model system
for obtaining information on plant Shaker channels comple-
mentary to those obtainable from Arabidopsis channels.
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